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ZebraﬁshDuring brain development, the electrical disturbance promoted by a seizure can have several consequences,
because it can disturb a set of steps extremely regulatedneeded to the correct brainmaturation. Animalmodeling
of seizure is invaluable to contribute to the mechanistic understanding of punctual seizure event, and those that
triggered in an immature neural network could alter the mature brain physiology. In the present study we
observed that the exposure to kainic acid diluted directly in water of zebraﬁsh decreased the locomotor activity
at 7 days post-fertilization (dpf) animals and increased at 15 dpf, despite the absence of more speciﬁc seizure
features. Pre-exposure to kainic acid (500 μM) diluted in water at 7 dpf animals reduced the susceptibility to a
second exposure 2 months later by intraperitoneal injection. The current data suggest that these different
responses are associated with neuronal maturation process and open a question about the window of develop-
ment that are crucial to long lasting effects related to seizure in this animal model.
© 2014 Elsevier Inc. All rights reserved.1. Introduction
Epilepsy is a disorder characterized by recurrent seizures. The
electrical disturbance during a seizure can have several consequences
dependingon themagnitude of the seizure and the brain region affected.
Anti-epileptic drugs are available, but they often worsen other clinical
factors (Mula and Sander, 2007; Frye et al., 2013). There is no consensus
of optimal treatment strategy when neonates and children are consid-
ered (Slaughter et al., 2013) increasing the need of basic neurobiology
studies especially during the early development.
Themajor developmental disorders giving rise to epilepsy are disor-
ders of neuronal migration, including those thatmay favor the develop-
ment of primary generalized or focal epilepsies at later stages in life
(Koyama et al., 2012). The animal modeling of this pathogenesis is an
invaluable way to contribute either to the mechanistic understanding
or to the improvement of treatment alternatives. In animal models,
seizures induced by administration of kainic acid (KA) lead to neuronal
death due to neurotoxicity caused by excessive inﬂux of Ca+2 resulted
from increased excitatory synapses (Henshall, 2007; Zhang et al.,
2011). It was observed that cell death induced by seizures in structures
such as dentate gyrus is followed by particular process of neurogenesisUCRS, Avenida Ipiranga, 6681,
x4158; fax: +55 51 3320 3612.and reorganization of the neural network, both in adult animals and
neonates (Kokaia, 2011; Parent et al., 1997). Unlike the mature brain,
the immature postnatal brain appears to be more resistant to cell
death after brain injury induced by convulsion and somehow reacts
with seizures, reducing neuronal proliferation (Haas et al., 2001; Ribak
and Navetta, 1994; Sadgrove et al., 2005).
As a reﬂex of the excitatory and inhibitory imbalance, the behavioral
responses to pharmacology-induced seizure have long been contribut-
ing to the scenario of epilepsy in animal models, both rodents and ﬁsh
(Baraban et al., 2005; Koh et al., 1999). In larvae of zebraﬁsh, it has
been reported that exposure to pentylenetetrazole (PTZ) induces status
epilepticus like seizure behavior activity accompanied by epileptiform
discharges, expression of c-fos and reduced cell proliferation (Baraban
et al., 2007; Kim et al., 2010). Kainic acid injected in adult zebraﬁsh
was followed by dose-dependent behavioral seizures while in larvae
the observation of features of seizures is poorly characterized despite
the registration of epileptiform discharges accompanied by cell prolifer-
ation decline (Alfaro et al., 2011; Kim et al., 2010).
The zebraﬁsh brain can be divided in three regions, the forebrain, the
midbrain, and the hindbrain. The zebraﬁsh forebrain is composed by
telencephalon and diencephalon, being the former themain responsible
for high brain functions, especially those displayedby dopaminergic sig-
naling (Salgado et al., 2012; Wilson and Houart, 2004). Electrodes to
register the electrical activities of neurons through potential difference
across the forebrain of zebraﬁsh have been used in PTZ-induced seizure
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cells under kainic acid exposure have been detected especially in the
telencephalic and diencephalic areas, and medial tectal proliferation
zone in larval zebraﬁsh (Kim et al., 2010).
The study of the mechanism underlining the origin and progress of
seizure is still mandatory to contribute to the management of this
disorder. In this way zebraﬁsh has been proposed as a simple and useful
vertebrate model for the induction of seizures allowing high-throughput
drug screening. However, the use of zebraﬁsh in the very beginning of the
development to characterize the behavioral features of kainic acid expo-
sure and the evaluation of the long lasting effects of early exposure to
this pro-convulsant agent are still poorly studied. For this reason we
aimed to characterize (I) the effect of different doses of kainic acid on
the locomotor activity and seizure scores through the initial ages of
zebraﬁsh and (II) the effect of pre-exposition to kainic acid in the re-
sponse to this pro-convulsant in later phase.2. Material and methods
2.1. Animals and housing
The animals used are from the sixth generation of our breeding stock
held at the Pontiﬁcia Universidade Católica do Rio Grande do Sul, Brazil.
The animalswere kept on a shelf for automated tanks ZEBTEC (Tecniplast
Group Buguggiate (VA) Italy) in a ratio of 5 animals/L. Animals were kept
on a day:night cycle of 14:10 h and fed three times daily with ﬂaked ﬁsh
food that was supplemented with live artemia. All protocols followed
Brazilian legislation and were approved by the Institutional Animal Care
Committee (12/00319—CEUA PUCRS).2.2. Exposure to kainic acid
The animalswere individually exposed to kainic acid (SigmaAldrich,
USA) in reconstituted water (water from osmose reverse plus marine
salt) during 31 min by immersion in vertical aquariums size 5 × 5 ×
2 cm (w × h × d) or 24-well culture plate. Controls were kept in free-
drug reconstituted water. A dose–response curve of KA (100, 300 and
500 μM) was performed to each age analyzed (7, 15 and 30 day post-
fertilization (dpf)).2.3. Locomotor activity
The locomotor activity of animals exposed to KA was recorded by a
front camera (15 and 30 dpf, n = 6) or top camera (7 dpf, n = 8) and
after, it was analyzed by ANY-maze software (Stoelting Co., Wood
Dale, USA). The distance traveled was recorded during 30 min of KA
exposure, the ﬁrst 1 min was considered acclimatization. The overall
analysis was demonstrated as total distance traveled (m) during the
30 min or divided into 6 blocks of 5 min, to check for changes in the
locomotor activity over time.2.4. Pre-exposure to kainic acid
Animals aged 24 hour post-fertilization (hpf), 7 and 15 dpf (n = 9)
were exposed to KA 500 μM diluted in water during 30 min, as de-
scribed previously (item 2.1). After the exposure, animals were housed
in control condition (drug-free) until reach 2 month post-fertilization
(mpf). The later exposure to KA occurred at 2 mpf by intraperitoneal
(i.p.) injection (6 mg⁄kg, injection volume of 10 μL) (Alfaro et al.,
2011). All animals were previously anesthetized by immersion in
100 μg/mL of tricaine (MS-222). KA (Sigma Aldrich, USA) was diluted
in phosphate-buffered saline (PBS) for treatment purposes.2.5. Seizure scores
Throughout the period of pre-exposure to KA, the behavior of the
larvae was monitored for possible manifestation of some of the convul-
sive stages characterized in previousworks (Baraban et al., 2005). At the
second exposure (2 months later) the following swimming behavior
was classiﬁed as seizure score, using the scale: Stage I, immobility and
hyperventilation of the animal; Stage II, whirlpool-like swimming
behavior; Stage III, rapid movements from right to left; Stage IV, abnor-
mal and spasmodic muscular contractions; Stage V, rapid whole-body
clonus-like convulsions; Stage VI, sinking to the bottom of the tank
and spasms for several minutes; and Stage VII, death (Alfaro et al.,
2011; Baraban et al., 2005).
2.6. Statistics
Data are presented as means ± standard errors of the mean (SEM).
The distance traveled across-time (blocks of 5 min) was analyzed by
two-way analysis of variance and total distance traveled was analyzed
by one-way analysis of variance followed by Bonferroni's post hoc.
One-way analysis of variance was performed to assess the differences
in seizure scores between groups followed by Newman–Keuls
(Graphpad Software, Inc., La Jolla, CA, USA). A *p-value b 0.05 indicates
statistical signiﬁcance.
3. Results
The analysis of the total distance traveled by animals exposed to KA
showed different responses in accordance with age (Fig. 1). Seven dpf
animals exposed to KA exhibited lower locomotor activity when com-
pared to control animals in all doses tested (Fig. 1B) [F(3;34) = 10.62,
p b 0.0001]. The across-time analysis of 7 dpf animals shows that this
reduction of distance traveled occurredmost of the time of KA exposure
with exception of block I (5 min) and block IV (20 min) (Fig. 1A). Anal-
ysis of locomotor activity from 15 dpf animals exposed to KA showed a
signiﬁcant increase at the dose of 500 μMduring the ﬁrst 4 blocks of anal-
ysis, when compared to the control group (Fig. 1C, D) [F(3;31) =7.108, p
b 0.0009]. Exposure to KA caused no signiﬁcant effect on locomotion in
30 dpf animals in any of the tested doses (Fig. 1E, F) [F(3;32) = 0.5115,
p= 0.677]. None of the animals exposed to KA in all doses tested exhibit-
ed events attributable to seizure considering the scores deﬁned inprevious
investigations (Alfaro et al., 2011).
The 7 dpf animals pre-exposed to KA became less susceptible to a
second exposure to KA at 2 mpf (Fig. 2). The behavioral changes from
7 dpf pre-exposed animals reached seizure score III over 30 min,
which were lesser than animals that did not undergo prior exposure
[F(3;20) = 5.607, p b 0.001]. Groups of 24 hpf and 15 dpf pre-exposed
animals reached the highest seizure scores V/VI through the 30 min
post-injection similarly to control animals (Fig. 2).
4. Discussion
The typical proﬁle of body movements during a seizure is one of the
most desired features in animal models, since it conﬁrms the crisis in a
simple way. Zebraﬁsh has been used successfully to model the most
common features of seizure through classic pro-convulsant, such as
pentylenetetrazole and kainic acid (Alfaro et al., 2011; Baraban et al.,
2007, 2005). The origin and consequences of ﬁrst convulsive events,
especially during brain development, are key steps to help themanage-
ment of this pathology, although the modeling is difﬁcult to design.
Here, we deﬁned two approaches to contribute to the modeling of
seizure crisis in developing zebraﬁsh. In the ﬁrst approach, 7, 15 and
30 dpf larvae were exposed for 30 min to KA diluted into the water,
while its locomotion and general behavior were recorded. On the
basis of the available literature we could suggest that the kainate is
able to reach their cellular target in zebraﬁsh larvae on the doses used
Fig. 1. Distance traveled (m) during 30min of KA exposure (100, 300 and 500 μM) or control (drug-free) from 7 dpf (n= 8) (A, B), 15 dpf (n= 6) (C, D) and 30 dpf (n= 6) zebraﬁsh (E, F).
Figures A, C, E demonstrate the data as 6 blocks of 5min each. Figures B, D, F demonstrate the total distance from 30min. Datawere expressed asmean± S.E.M. of animals for each group and
were analyzed by two-way ANOVA (blocks) and one-way ANOVA (total distance) followed by Bonferroni's post hoc test. *p b 0.05 denotes a signiﬁcant difference from the control group.
Fig. 2. Seizure levels after intraperitoneal KA injection (6 mg/kg) at 2 month post-
fertilization zebraﬁsh. Animals were pre-exposed to KA (500 μM) at 24 hour post-
fertilization, 7 and 15days post-fertilization. Controlswere drug-free. The scores of seizure
used were: Stage I, immobility and hyperventilation of the animal; Stage II, whirlpool-like
swimming behavior; Stage III, rapid movements from right to left; Stage IV, abnormal and
spasmodic muscular contractions; Stage V, rapid whole-body clonus-like convulsions;
Stage VI, sinking to the bottom of the tank and spasms for several minutes; and Stage
VII, death (Alfaro et al., 2011). The mean value of the seizure scores ± SEM (n = 9) for
each group was plotted against time after KA injection. Data were analyzed using one-
way ANOVA followed by Newman–Keuls post hoc test for comparison among the groups
(**p b 0.001 for the comparison between curves).
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manifestations of previously documented status epilepticus, even
though the concentration used was 10 times higher than those able to
alter neuronal discharges (Kim et al., 2010), we observed intriguing
differences in locomotor activity between the ages tested. Animals
exposed to kainic acid at 7 dpf showed hypoactivity compared to the
control group, leading us to imply that this age in zebraﬁsh could corre-
spond to the stage of development in rodents where glutamatergic hip-
pocampal cells typically exhibit inhibitory neurotransmission mediated
via GABA (Ambrogini et al., 2004; Gutiérrez, 2003; Ye et al., 2000). In
this documented phase, presynaptic GABA release can be modulated
by kainic receptors after KA administration (Ambrogini et al., 2004;
Cossart et al., 2001; Fiszman et al., 2007; Gutiérrez, 2003; Lauri et al.,
2006; Mathew et al., 2008; Ye et al., 2000) and could be the reason of
the decreased locomotor activity of zebraﬁsh larva at 7 dpf. On the
other hand, 15 dpf zebraﬁsh exhibited hyperlocomotor activity at the
highest dose tested, without any other feature of seizure, and 30 dpf
zebraﬁsh had no effect on locomotor activity. These different responses
could be correlated with the state of neuronal development, in which
the level of response to the stimuli seems to follow the normal matura-
tion of neurotransmitter systems (Ye et al., 2000). One possibility for
this temporal difference could be linked to different levels of expression
of the subunits that comprise glutamatergic receptors in the course of
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ments in the composition of these receptors cause changes in their
pharmacokinetics, thus generating different levels of response (Fisher
and Mott, 2011; Mott et al., 2010).
As expected, animals exposed to KA by intraperitoneal injections at
2 months post-fertilization exhibited the characteristic proﬁle of
seizure ﬁtting the deﬁned scores published by Alfaro and co-workers
(Alfaro et al., 2011). While one of the explanations to this strong re-
sponse at this developmental phase of zebraﬁsh could be the matura-
tion of glutamatergic system, we should be aware of the more direct
wayof kainic acid delivery anddose. As a second approachwe evaluated
if an early exposure to KA, despite the weak locomotor response, is able
to affect the adult response to KA. In this way we submitted embryos
and larvae of zebraﬁsh to KA and raised them until 2 mpf when they
received an i.p injection of KA. The KA pre-exposition was able to de-
crease the intensity of seizure score just on those animals pre-exposed
to KA at 7 dpf. It has been observed that seizures can affect the level of
expression of some receptors, and that the occurrence of seizure during
critical stages of brain development may confer some resistance to
subsequent seizures induced by drugs (Tandon et al., 2002). The over-
stimulation of stimulatory synapses generates an increase of inhibitory
pathways in the immature brain by increasing the release of GABA,
which is strongly related to proliferation,migration, differentiation, syn-
apse maturation, and cell death (Avallone et al., 2006; Owens and
Kriegstein, 2002a, 2002b; Sihra and Rodríguez-Moreno, 2011). In this
way the resistance seen here could be associated to the fact that the
age atwhich the animals were exposed corresponds to themost impor-
tant period of neural reﬁnement of zebraﬁsh brain,which could result in
a long lasting effect (Baraban et al., 2005; Di Marco et al., 2009; Fox and
Wong, 2005; Wei et al., 2012).
5. Conclusion
In summary, zebraﬁsh larvae despite the previous registered
epileptiform discharges and reduced cell proliferation (Alfaro et al.,
2011; Kim et al., 2010) after kainic acid exposure did not present
classic behavior/locomotor activity related to seizure until 7 dpf,
while at 15 dpf the increase of locomotor activity was registered
but not accompanied by classic features of seizure. The exposure to
kainic acid at 7 dpf was able to promote tolerance to the repeated expo-
sure at juvenile/adult stage of development indicating that this former
period can be crucial to the neural reﬁnement and consequences to
the occurrence of later convulsive events.
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